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The effect of temperature on torque motor air gap reluctance
and permanent magnet polarization magnetomotive force
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Abstract. The temperaturefactor is introduced in modeling progress, based on double nozzle
baffle electro-hydraulic servo valve torque motor. A new temperature model of air gap
reluctance and polarization magnetomotive force was proposed. And an accurate magnetic flux
computing method was deduced, in order to provide the basis for the establishment of a new
torque motor model and the servo valve temperature characteristic analysis.
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1 Introduction

Rocket launcher process requires to tolerance the limit high temperature. Because of the effect of high
temperature gas, oil temperature of servo hydraulic can rise up to about 150°C from the room time
during 80s. The temperature of the servo valve torque motor will rise to close to the oil temperature in
a very short time. Therefore, the analysis of thermal characteristics at high temperature is very
necessary.

In the domestic study, Qi-xin Xiao proposed the qualitative impact of temperature for each
hydraulic servo valve element comprising a torque motor as well as the oil viscosity. Chang-hai Liu
conducted electromagnetic torque of motor torque and the magnetic circuit theoretical deduction by
Kirchhoff's law, and established a new model. Foreign scholars Merritt E. H deduced an ideal
mathematical model using air gap reluctance as a starting point[9].And the existing theoretical models
of torque motor using empirical formula which is lack of temperature factor.

In this article, reluctance of permanent magnet and polarization magnetic motive force are put as
the starting point, the impact of temperature on it is discussed, the original formula is corrected, and a
theoretical basis for the establishment of a new model of torque motor is provided at the high
temperature.

2 Parameter calculation of torque motor

The role of the torque motor is to convert electrical signals to mechanical movement. It’s composed of
permanent magnet, top yoke, bottom yoke, armature, coil, flexure tube and other components.

Figure la depicts a torque motor magnetic circuit schematic diagram. We can assume that
reluctance of magnetic material and non-working air gap is negligible. The torque motor magnetic
circuit can be represented by equivalent magnetic circuit shown in Figure 1b.
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When the armature is located in the median, reluctance of each working air gap is: R =1/ 4 AJ.IQ
9 g 0

—the length of each of the air gap when armature is at the median position; A, —the area of the
magnetic pole faces; 1, —the permeability of air, 47 x10"Wb/mA.

Figure 1. Torque motor magnetic circuit schematic diagram

When the armature deviates from the median position for the displacement of x, reluctance of air
gap is:

| —x X | +Xx X

Rl_ . =Rg(1_|_) R2=Q_=Rg(1+_)
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Excluding the effect of temperature on the reluctance of the air gap, there is:R.=R;, R,=R,, where
—reluctance of air gap 1; R —reluctance of air gap 2;x—the displacement that the armature is
2

Rl
deviates from the median position.

3 Effect of temperature on the reluctance torque motors

The permanent magnet of torque motors usually use A1-Ni-Co permanent magnet alloy. The materials
that flexure tube usually use 3J1 alloy. The materials that top and bottom yoke and armature usually
use 1J50 alloy[3].Thermal expansion of materials is usually expressed as linear expansion coefficient
& [5].The material and expansion coefficient of each torque motor part is as follows:

Table 1. The material and expansion coefficient of each torque motor part

Part name Material @110°(C)*
name

Permanent magnets Al1-Ni-Co 11

The top and bottom

voke P 1J50 9.2

armature 1J50 9.2

Flexure tube 3J1 17.6

When the armature of torque motors is located in the median, since thermal expansion
phenomenon of permanent magnet, the top and bottom yoke, the armature, and flexure tube, the
length of the air gap will change, thus affect the magnetic resistance.

At room temperature (20°C) the size of the torque motor components is as shown in Fig.2.
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Figure 2.The size of each torque motor component

At room temperature the length of the up air gap and the down air gap is:
|91:L4_L3, =L -1 2)
During the process that the temperature rises from room temperature to 150 ‘C, the parts expand
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with fixation surface shown in the figure as a reference plane, The formula of the coefficient of linear
Al

. . a
expansion is~ 1-AT . There are:

L =L (1+aAT) L =L (1+aAT) L =L (1+aAT) L, =L (1+aAT )+ L (1+ AT ) - L, (1+ o,AT)
@)

Among these formulas, @, is linear expansion coefficient of the top and bottom yoke, &, is linear

expansion coefficient of the flexure tube, «is linear expansion coefficient of the permanent magnet.
After heated, and in light of Eq. (3), the length of air gap is:

ly =L - =1, +KAT 1, =L, -1 =1, + KAT 4)
Among these equations:
K1:(L5_L7)0‘1+L6“3_L30‘2’ K,=La, Ly (5)
Put the measured actual size into the above equations, and draw curves as follows:
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Figure 3.Thecurve that shows relation between air gap and temperature

Put Eq.(5) into Eq. (1) is:
ly; + KAT —x R g+ KAT +X

R =
oA ’ HoPy
gy +KGAT —x R g, +KGAT +X
3 4
Ho A Ho A (6)

4 Temperature effect on permanent magnet polarized magnetomotive force

Magnetic material properties change as the temperature changes, When the temperature rises, the
remanenceB. and coercive force H.of hard magnetic material decreased, It may make changes in the
operating point[4].

With the magnetic steel is magnetized, when the magnetic flux density reaches saturation magnetic
flux density, it can be considered that magnetic steel has become a permanent magnet. In this case,
stop magnetizing, but magnetic steel is still on the magnetizing machine, the magnetic flux density of

the permanent magnet along with the B-H characteristic curve drops to B [6][7].
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Figure 4.The B-H characteristic curve of the permanent magnet

Fig.4 depicts the B-H characteristic curve of the permanent magnet, the following formula can
obtain magnetic induction intensity Bjand magnetic field strengthH.at the point of maximum
magnetic energy product.

H, =

2B,H, = pV +BH, +[(pV +B.H, )" 4B HV B, ™)
1

r' e —

BH, BH, .
Among these formulas» =2,/ -== is a constant related to the permanent magnet.
d

Vd
Point E is the point of maximum demagnetization(reply starting point). Although the slope of the
line reply is related to the location of the starting point E,it may take approximately the tangent slope
of demagnetization curve and the vertical axis intersection point (78 )to represent in engineering.
Draw parallel line at point E, the intersection of the parallel line and the load line Is actual working
point of permanent magnet.Fig.5 shows that:

B,
=tanf=—"
Hy B H

e

B, -B
(1-p)=—*
c Hc_Hk (8)

In the actual operating point of the permanent magnet, there is following relationship between the
magnetic flux through the permanent magnet and the magnetic induction intensity :g -4/

?__the magnetic flux through the permanent magnet(Wb);

A __the cross sectional area of the permanent magnet(m?);
Substituted into the Eqg. (9) and arrange to obtain:

Lo -2

A Hy 9)

M =—H,l, =g i1, (-H, + 2
A Hy (10)

He=¢

And the magnetomotive force of the permanent magnet can be expressed as:
Bl’

M, =1l (-H, +E) =1,
Hy Hy (]_1)

|k —the effective length of the permanent magnet;

M—magnetic motive force for external magnetic circuit provided by permanent magnet except
internal magneto resistance consumption magnetomotive force of permanent magnet(A),
Put Eq. (8) into Eq. (11):
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The relationship between residual magnetism density and temperature is:

B, =[1+(T -20)crg ]- A1 IL) - B e

as —the reversible temperature coefficient of B, ;
IL—Irreversible loss rate of B,;

B..-.—the residual magnetism density when temperature is 20°C.
Calculate coercive force:
H, =[1+ (T —20)er, ]-@—IL)-H

c20°C

H..-c —the coercive force when temperature is 20°C.

(12)

(13)

(14)

The permanent magnet material of torque motor analyzed in this study is Al-Ni-Co permanent
magnet alloys, magnetic properties of Al, Ni, and Co changes very little with temperature changes.
The temperature coefficient of residual magnetism-0.02%/°C ,irreversible loss rate is 0, B¢ is 1.27T,

Howe IS 51200A/m, maximum magnetic energy is 52KJ/ m®.

Substituting the parameters into the above equations, drawn curve of relation between M and

temperature, as figure shows:
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Figure 5. The curve of relation between 0~150°C polarization magnetomotive force and temperature

5 Experimental results

In order to determine the feasibility and accuracy of the theory, the experiment was carried on in this

paper by using high temperature test rig.

Servo valve is fixed on the high temperature test rig. Cover torque motor with transparent shield.

Install beam sensors on the top. The experiment schematic diagram is as follows:
Laser sensor
+ Thermometer

E}é’ — | = [ Laser beam
[

Figure 6.The experiment of temperature - air gap

-Torque motor

L P 1 3B ,'/\Iain valve core
ede ot High temperature

\ test rig

rTemperature sensor

It is similar to verify polarized magnetic motive force - the temperature curve. Remove the top

yoke of torque motor, install a magnetometer on the position of top yoke.
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Figure 7. The curve of relation between air gap and temperature

Collate the experimental data, analyze and compare the theoretical curve and experimental curve,
change strend of the two curves is consistent. How well is good.

6 Conclusion

It started with the structure and working principle of the torque motor, and quantitatively analysed the
effect of temperature on the air gap reluctance and permanent magnet polarized magnetomotive force.
It deduced linear equations and set torque motor of a certain type of servo valve as the research object.
It provides the basis for the next step to carry out analysis of thermal characteristics of servo
valve.[8][10]
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